We take another look at "Just-So" solar neutrino oscillations and characterize them by the energy at which the distance-varying angle is π/2. The SuperKamiokande spectrum can be fit with an energy in the range of 9-12
According to recent results from SuperKamiokande [1] , there is an excess of events at the high-energy end of the solar neutrino spectrum relative to the standard solar model (SSM) [2] and the small-angle MSW solution of the solar neutrino problem [3, 4] . In particular, the last three points above 12 MeV appear to rise more rapidly than a simple comparison with the SSM and MSW would indicate. This excess suggests that solar neutrinos may be undergoing "Just-So" in vacuo oscillations with large mixing [5] instead of matter-enhanced MSW oscillations with small mixing, and that the relevant ∆m 2 is of order 10 −10 eV 2 rather than 10 −5 eV 2 .
The key point about "Just-So" oscillations [5] is that the neutrino oscillation length is sufficiently close to the distance between the Sun and the Earth so that the oscillation probability for the higher energy 8 B solar neutrinos is in the region of slow oscillations rather than the rapid oscillations at the lower end of the solar neutrino spectrum. This means that instead of taking on the average value of one-half, the survival probability of 8 B neutrinos depends upon their energy and can run the gamut from zero to one.
To mark the division between these two regions of probability, we characterize the oscillations by the energy at which the distance dependent angle
is equal to π/2; L Sun is the Earth-Sun distance. At this energy, E π/2 , the oscillation proba-
reaches its maximum value of sin 2 2θ and then declines monotonically to zero as E ν increases.
At twice E π/2 , the probability drops to one-half its maximal value, and at three times, it becomes one-quarter.
For neutrino energies smaller than E π/2 , oscillations set in and become more rapid as E ν decreases. The oscillation probability vanishes at E π/2 /2 and reaches its maximal value again at E π/2 /3; the pattern then continues with P (ν e → ν x ; E ν ) vanishing for E ν an even divisor of E π/2 and becoming maximal for E ν an odd divisor. The smaller the energy, the more rapidly the oscillations take place. This behavior is illustrated in Fig. 1 .
In the solar neutrino problem, we are interested in the survival probability of solar electron-type neutrinos as they travel to Earth from the Sun:
This has its minimal value at E π/2 , and then steadily increases towards unity as the neutrino energy increases. By choosing E π/2 to be sufficiently below the endpoint energy of the 8 B neutrinos, we can ensure that the survival probability for "Just-so" oscillations exceeds 0.4, the approximate value predicted by the small-angle MSW solution at the high-energy end of the solar neutrino spectrum [3, 4] . This will give rise to a ratio of the "Just-So" spectrum to the SSM spectrum which turns up more rapidly at the high-energy end than the corresponding ratio for the MSW solution.
In Fig. 2 we plot the ratio for several choices of E π/2 in the case of maximal mixing It is not difficult to see that for such values of E π/2 , both the pp neutrinos and the 7 Be neutrinos are in the region of rapid oscillations. For the pp neutrinos, this implies that their ν e survival probability will reach the average value of
For 7 Be neutrinos, the value of the survival probability is a more delicate matter since they are monoenergetic; it is given precisely by
and will vary between its minimal and maximal values depending on the precise value of E π/2 . It should be noted that the size of the 7 Be production zone in the Sun (∼ 10 5 km)
is too small compared to the mean Earth-Sun distance (∼ 10 8 km) to affect the survival probability by more than 1-2%.
In order to estimate the survival probability for 7 Be neutrinos in this picture, we appeal to the results of the SAGE and GALLEX experiments [6, 7] which indicate that the total signal is almost exactly equal to the signal predicted by the SSM for pp neutrinos alone [2] .
Since the pp neutrinos in this "Just-So" case are reduced to one-half their SSM value, the 7 Be neutrinos must help to make up the difference. The SSM prediction for 7 Be neutrinos is approximately one-half the prediction for pp neutrinos [2] and so a large fraction of these, possibly all, will be needed to make up for the reduced signal from the pp neutrinos themselves. To meet this requirement the value of E π/2 must be "fine-tuned" so that its ratio to the 7 Be energy, 0.86 MeV, is close to an odd number (another "Just-So" condition!).
This prediction for the oscillation probability of 7 Be neutrinos should be contrasted with that of the small-angle MSW solution, which requires that they must be largely converted to non-electron neutrinos [8] . Another, more subtle consequence is that the probability may have a significant seasonal variation due to the eccentricity of the orbit of the Earth if the ratio E π/2 /0.86 happens to be large [9, 10] . The variation in the orbit of the Earth due to its eccentricity is of order 10 6 km, and this can induce a large change in the distance-dependent angle χ L /E ν for a sufficiently large energy ratio. Should this be the case, then gallium experiments like SAGE and GALLEX [6, 7] will also show a seasonal variation.
To estimate how large this variation might be, we express the eccentricity of the Earth's orbit around the Sun
with L Sun the semi-major axis of the Earth's orbit and ǫ = 0.017. The oscillating factor in the probability is then given by:
and, even though ǫ is small, the angle multiplying factor (π/2)(E π/2 /0.86) can engender significant changes. If, for example E π/2 is in the neighborhood of 9-10 MeV, then this factor can be close to 5π + 2π/3 and the probability P x will vary from about 0.5 to 1, with a mean value of 0.75, during the year. On the other hand, if the factor is closer to 4.5π, the variation will only be about 5%.
In order to calculate the impact of this eccentricity dependence on gallium experiments, we need to choose the mixing angle. For the sake of illustration, we take the "best value"
of Bahcall, Krastev, and Smirnov [11] :
The gallium signal from pp neutrinos is then
and the yearly mean from 7 Be neutrinos is
Taking an average signal of 73 SNU, we assume that the remaining 12 SNU come from a combination of about 5 SNU from 8 B and 7 SNU from other solar neutrinos [2] , and that these neutrinos, which are generally higher in energy than 7 Be, do not vary appreciably with the seasons. The seasonal variation of 7 Be neutrinos runs from 22 SNU in winter to 9 SNU in summer, and so there could be a variation of ±10% in the total gallium signal.
Unfortunately the present data [6, 7] are not sufficiently accurate to detect such a variation with much confidence. Experiments designed to detect the 7 Be alone [12] , however, should see the full extent of the seasonal variation. In the absence of such experiments, one could analyze the gallium results under the assumption that the observed signal consists of onehalf the SSM prediction for pp neutrinos, about 36 SNU, plus about 10 from 8 B and other neutrinos, and the remainder from 7 Be. One therefore considers the variation of the quantity Q = observed Ga signal − 46 SNU (11) which will amplify, on a percentage basis, the variation of the 7 Be signal in this picture.
Independently of possible seasonal variations, a key test of these ideas is provided by the average 7 Be neutrino signal. For "Just-So" oscillations, 7 Be neutrinos must significantly remain as electron neutrinos and the signal will be large; whereas for the small-angle MSW solution, they must largely be converted to non-electron types and the signal will be small.
Therefore, as long as the hints for "Just-So" oscillations persist [1] , experiments designed to detect 7 Be neutrinos will be highly important in confirming, or invalidating them. Seasonal variation of the 7 Be survival probability for various values of E π/2 . In particular, the variation is large for E π/2 = 9 MeV and small for 6 and 12 MeV.
